Recently, attempts have been made to construct actuators with similar behaviour to natural muscles. However the results have been inadequate for application to practical prostheses. For example, muscle wire, which has too low an efficiency to be powered by batteries and McKibben muscles which require two power supplies, one electric and one pneumatic. Electrochemical muscles are still in the development stage and cannot yet be used for prostheses. In this paper, a new electromechanical actuator is presented, which provides rectilinear movement and linear characteristics. This electromechanical actuator is based on a ball screw and rare earth magnet coreless motors. The system has been characterised and some of the most important results are that it produces a force of 167N while developing a velocity of 7×10 -3 m/s. The force developed is proportional to the current drained. Its efficiency is about 32%, its total mass 0.19kg and it is light and compact enough to be used in practical clinical prosthesis.
Introduction
A trans-humeral myoelectric prosthesis is being developed at the Bioelectronics Section of Centro de Investigacion y de Estudios Avanzados del Instituto Politecnico Nacional. One of the main challenges in prosthetics is to find an appropriate actuator that fulfils the All correspondence to be addressed to Apolo Zeus Escudero-Uribe, Sección de Bioelectrónica, Departmento de Ingeniería Eléctrica, Centro de Investigación y de Estudios Avanzados del IPN, Av. Instituto Politécnico Nacional 2508, México, D.F. México, 07360. E-mail: aescuder@mail.cinvestav.mx requirements for driving the prosthetic joints and thus helps patients perform useful elementary daily tasks.
Since the prosthesis under development is endoskeletal (Fig. 1 ) the actuators designed must have the same characteristics as biological muscles. A wide analysis of existing actuators has been made and is presented briefly in the justification.
Conditions required by a prosthetic actuator are that is must be compact, have high efficiency in the conversion of input energy into output mechanical energy, and be fast enough in driving an externally powered upper limb prosthesis. Since a device fulfiling those requirements was not found, the design of a new electromechanical muscle is presented and explained in the section on materials and methods.
The experiments for classifying the mechanism and the results are reported and the advantages and possible applications for this new mechanism are discussed. Fig. 1 . Scheme for a myoelectric are with parallel mechanism, Electromechanical muscles have the following functions: 1) Flexion and pronation, 2) flexion, supination and pseudo-humeral rotation, 3) pseudohumeral rotation, and 4) grasping.
Justification
Nowadays, active upper limb prostheses for trans-humeral amputations such as the Boston Elbow, the Utah arm (Office of Technology Assessment Archive, 1984) , the arm of the Veterans Affairs (Scott and Parker, 1988) and the Edinburgh Modular Arm (Gow et al, 2001; Gow, 2002) are invariably serial mechanisms. In these, each mechanical link has its own motor responsible for its movement. Since each motor participates in one and only one movement, the motors driving the grasping and the prosupination are a dead load for the elbow motor.
While the natural arm resembles a serial system, where the arm is followed by the forearm and the hand; actually, the forearm is composed of two bones that are actuated by multiple muscles. Thus biological arms are not in reality serial but parallel systems, where each muscle may participate in many different movements.
Inspired by this reasoning, the authors decided to design a quasi-anatomical structure where every actuator, instead of being a dead load, participates in every movement of the elbow, resulting in a parallel mechanism as shown in Figure 1 . The authors show here an analysis of actuators resembling biological muscles, although other kinds of actuators that could be useful have not been discarded.
Biological muscles can be small enough to move a mouse or large enough to move an elephant, using in both cases the same principle of functioning. They can be slow or fast; they may work for a whole lifetime without failure. The efficiency of muscles to transform energy is very high and difficult to improve on or even approach; the efficiency of skeletal muscle is about 35% (Kyrolainen et al, 1995; Hunter et al., 1992) . Biological muscles are light with a density of about 1037kg/m 3 . The maximal shortterm force per transversal area unit an average skeletal muscle can produce is as large as 35xl0 4 N/m 2 . The maximum contraction in length can be up to 40%. In the same way, the power developed can be greater than 100W for each kilogram of muscular mass. However, the most difficult trait to imitate is the capacity to change their stiffness up to 10 times between rest and maximal muscular activation.
Currently, most upper limb prostheses use DC motors as the main driver device (Scott and Parker, 1988; Jacobsen et al, 1984 ; Office of technology assessment Archive, 1984) . Shape memory alloy wire (Kuribayashi et ah, 1992) and pneumatic actuators (Jacobsen et al., 1996) are used in experimental prosthesis, while ultrasonic motors (Nishibori and Obata, 1996), McKibben muscles (Hannaford and Chou, 1996) and electrochemical muscles (Woojin, 1996) are under research for inclusion in robotics.
McKibben muscles consist of an expandable internal bladder (elastic tube) surrounded by a braided shell (Lee and Shimoyama, 1999) . When the internal bladder is pressurised, it expands in a balloon-like manner against the braided shell. As the volume of the internal bladder increases due to the increase in pressure, the actuator shortens or produces tension when coupled to a mechanical load. McKibben actuators have several desirable characteristics; they produce rectilinear movement and significant force. However, it is difficult to build a compact system because electrovalves, air ducts and two power supplies (one electric and one pneumatic) are required. Furthermore, they have the disadvantages of being noisy and requiring a non-linear control for a suitable performance (Pletenburg, 1989) .
Shape memory alloy wires shorten in length due to atomic crystal reordering when heated above the transition band temperature (Hunter and Lafontaine, 1992) . To increase the temperature of the wire, normally an electrical current is forced through it. These wires cool slowly by convection. Their advantages as actuators are that they produce a rectilinear movement and are flexible, compact, light and silent. Their main disadvantages are a very poor efficiency, less than 10% in the best of cases, making it impossible to power them by batteries; they heat while working and their dynamics is one of the slowest (Pletenburg, 1989) .
Another class comprises the piezoelectric, magnetostrictive and electrostatic actuators. This class transforms electricity directly into movement. Piezoelectric actuators deserve special attention since they are basic for ultrasonic actuators (Pecson et al., 1993) . There are two kinds of ultrasonic actuators: linear and rotational (Uchino, 1999) . Using ultrasonic actuators is mechanically easy, because they can save space. Linear types can be attached directly, and rotational types do not require a gearbox since they rotate slowly. Another attractive property is that they have controllable output mechanical impedance. They can hold a fixed position solidly or they can run completely free along a rail or rotational axis (Ito et al, 1994) . Their main disadvantage is that, in order to work, these actuators require a high voltage supply regulated in amplitude and frequency. It has been impossible to use ultrasonic motors in practical prostheses since the power supply is voluminous, complicated and somewhat dangerous.
Electrochemical artificial muscles (Kornbluh et al, 1998; Shainpoor, 2000) are attractive since they present some muscle-like characteristics. They contract after electrical or chemical excitation. Usually, these actuators do not have a significant strain percentage, however if the strain is significant then the developed force is small. These actuators are currently under development and are not suitable for practical clinical prostheses.
Electrical motors have the following advantages: high efficiency in electrical to mechanical energy conversion, sometimes better than 70%, a high power-volume ratio and a fast time response. They are relatively silent and do not present a significant increase in temperature while in normal use in a prosthesis. The main disadvantage of this kind of actuator is that they present high mechanical impedance after adding a velocity reduction system.
Once the previous analysis was made, the authors decided that the best option for driving a clinical trans-humeral prosthesis is to use modern electric motors with high efficiency and high power density. Avoiding the traditional approach where each motor is used to drive one specific joint, by simulating anatomical muscles each motor will help the others to drive a common joint.
Materials and methods
The statics and kinematics analysis of the mechanism shown in Figure 1 has been carried out in previous work (Escudero, 2001) . The most convenient force and length values for the 4 actuators are shown in tables 1 and 2.
For building the electromechanical muscles, the configuration shown in Figure 2 is proposed. Here, a micromotor (3), a planetary gearbox (4) and a ball screw (8) are attached. To lengthen and shorten the artificial muscle the ball nut is joined to a stem (10). The mechanism is protected by a cylinder (6). Between the stem Forces have been estimated in a static analysis simulation (Escudero, 2001) . Position of origin is with the artificial arm and forearm resting vertically. A mass of 3kg has been located at the palm of the hand. Lengths have been estimated in kinematics analysis simulation (Escudero, 2001) . The minimal and maximal lengths of each actuator were taken from a total sweep of the workspace, given by a flexion of the elbow from 0° to 125°, a pro-supination of about 90°, a humeral rotation from -45° to +45° and the total flexion and extension of the hand. and the cylinder there is an empty space (9) that will accommodate a spring in order to increase, in the future, the contractile force of the mechanical muscle. At the other end of the motor, there is a magnetic encoder (2) and a second cylinder (1) for fixing the muscle of the prosthetic arm. The coreless micromotor exhibiting the best power versus volume ratio, Model 1717 from MicroMo made of samarium-cobalt permanent magnets was selected. This motor has the Fig. 2 . Scheme of the electromechanical muscle assembly. 1) rear support; 2) encoder; 3) coreless micromotor; 4) gearbox; 5) coupler; 6) cylinder; 7) ball nut; 8) ball screw; 9) chamber for a future spring; 10) stem. characteristics shown in Appendix A. In addition, this motor includes a magnetic encoder with 2 electrical outputs 90° out of phase and sends 16 TTL compatible pulses per phase per revolution The smallest ball screw available from Thomson-Saginaw Company is used, number 7821633; its specifications are given in Appendix B.
A ball screw is a system of a screw and a nut which make contact through ball bearings resulting in minimal friction and high transmission of mechanical energy between the screw and the nut. In a ball screw, the ball bearings must be permanently circulating, so the nut has internal ducts that allow the ball bearings to return to the beginning of the thread, rolling in a closed loop.
In the following the authors describe how to find the output linear force produced by the ball screw given the torque produced by the motor. It is supposed that the screw may be represented as an inclined plane. The height of the inclined plane equals the distance of two threads (lead) and the horizontal length equals the nominal circumference of the ball screw (Fig. 3) . The nominal radius of the ball screw is the root radius of the screw plus the radius of a ball bearing. The angle a of the inclined plane is given by:
Nominal Circumference
For analysis purposes, an inclined plane can be considered as a transformer where the direction and magnitude of a force and the velocity of displacement are changed but the power is conserved. First, according to Figure 3 , the direction of the input force is converted from horizontal to vertical. The vertical velocity is less than the horizontal velocity, but the vertical force is greater than the horizontal force in the same ratio, so that:
where P is a constant power, v, -is the linear velocity of the surface of the ball screw, F t is the force at the nominal radius of the ball screw, v o is the linear velocity of the nut and F o is the force that the nut can apply to a load. From equation (2)
(5) tga A gearbox is another device that transforms angular velocity to torque while keeping the power constant. Thus, a gearbox that divides the angular velocity by a factor of G multiplies the torque by the same factor G; that is, G=v/v o =r ( /T i . The efficiency t} G which ranges from 0 to 1, reduces the power at the output of the gearbox. The efficiency rj B of the ball screw also reduces the output power. Finally, the torque of the motor is converted to a linear force by dividing by r, the nominal radius at which the force produced by the torque of the motor is applied. In consequence, the input force F,-is given by the following equation:
From equations (5) and (6) the linear output force is:
r-tga There are 3 available gearboxes that fit the coreless motor. These gearboxes have different speed ratios and efficiencies, which are shown in Table 3 . The speed ratio G is shown in the first column. The efficiency 7] a of each gearbox is shown in the second column. The third column, which is labelled Mech. Effic, shows the efficiency of the mechanical system, the multiplication of the gearbox and the screwball efficiencies. The fourth column F LinMax% indicates the force at null velocity. This maximum linear force has been estimated using equation (7). The column F @T max/2 shows the force present at the stem when the power developed is at the peak, meaning that the torque developed by the motor is half of the maximum allowed.
Multiplying the efficiency of the motor by the efficiency of the gearbox and then by the efficiency of the ball screw gives the total efficiency of the system. This value is also shown in Table 3 in the sixth column labelled Tot. Effic. The seventh column of Table 3 is entitled Output Power and shows the maximum output power available with the different gearboxes. Finally, the eighth column of Table 3 shows the velocity of the stem at maximum output power. The velocity of this column is half of the maximum velocity possible when the system is unloaded.
To verify the theoretical results, an electromechanical muscle has been constructed using a gearbox with a 66:1 ratio. The practical results of this mechanism are reported below.
Results
An electromechanical muscle was built according to Figure 2 . The physical result has been a device 20.5cm in length when extended and 16cm when shortened. The useful active range of the device is 45mm. The maximum diameter is 26mm; the ball nut dimension had limited this diameter, this nut is eccentric and its maximum radius is 13mm. Another important physical characteristic is the mechanism mass which is 190g.
Most of the electrical and mechanical variables have been determined as follows. The electromechanical muscle has been serially connected with a dynamometer. The force versus voltage has been measured and the result plotted in Figure 4 . This graph was obtained by increasing voltage and waiting until the motor stalled. In Figure 4 these is also represented the current consumption with the motor stopped. This is not operation current, but rather security current. The electronic control will stop the motor when this current is reached, avoiding the use of final track or force sensors.
The dynamical response of the system at nominal voltage and with a constant load of 167N is shown in Figure 5 . The design of the experiment is similar to the one described before, except that the dynamometer was substituted by a mass of 17kg. In Figure 6 the maximum speed agrees with the calculated velocity. This result confirms that the mechanical efficiency of the system is, as estimated previously, about 63%.
A measurement of electric current against load was made; the resulting graph is shown in Figure  7 . This shows a linear behaviour and it is important as it provides a measure of the force developed by the elbow using only the current consumption, avoiding the need for a force sensor. Speed against load at nominal voltage has also been measured and its graph is also shown in Figure 7 .
The electrical power in watts supplied to the motor is the current, in amperes, consumed by the motor multiplied by the voltage of the source supply. The result of this is the current represented in Figure 7 multiplied by 12V, and is shown in Figure 8 . On the other hand, the output mechanical power in watts is the product of the linear force in the stem multiplied by the velocity of the stem. The result is also shown in Figure 8 . From this figure, it can be appreciated that the electromechanical muscle produces its maximum output mechanical power when a load of 169.7N is applied.
The efficiency curve shown in Figure 9 has been calculated by dividing the output mechanical power by the input electrical power. The maximum total efficiency of the electromechanical system is 32%, reached when a load of approximately 100N is applied.
Discussion
It is possible to calculate some general characteristics of the electromechanical muscle in order to compare the device with the biological muscles that it attempts to replace and with other actuators that probably were thought to work like muscles. The main physical characteristics of biological muscles, actuators Force (N) Fig. 9 . Efficiency (Mechanical Power/Electrical Power). Parameters describing an actuator do not necessarily occur simultaneously. *The infrastructure for controlling the actuators is not considered. mentioned in justification section, and the one here proposed are shown in Table 4 . Since the electromechanical muscle is mainly composed of an aluminium alloy, 6061 type, its density is slightly greater than 1700kg/m 3 . Stress, referred in Table 4 , is the force expressed in meganewtons (MN) that a transversal area of muscle (biological or artificial) is able to develop. In this case the maximum force produced by the electromechanical muscle is divided by maximum transversal area (this is not the best case, but representative) (392N)/[(127xl0 3 ) 2 7t]=750N/m 2 . The column power refers to density of power, and indicates the power in watts that a unit of mass is capable of developing. The electromechanical muscle is capable of 1.8W/0.19kg=9.47W/kg. Finally, the last column, efficiency, relates the output mechanical power to the input power. As seen before, in this system, the maximum efficiency is 32%.
After comparing the electromechanical actuator against the actuators in Table 4 , it can be noted that it is not superior in every one of the characteristics. However, considering a stress higher than the one of the biological muscles, the high percentage of strain and the high efficiency, the electromechanical actuator is an excellent option to be used for driving the upper limb prosthesis shown in Figure 1 .
A remarkable characteristic of the actuator is its high efficiency that allows powerful articulations of the prosthesis while requiring little energy from the batteries. In addition, the electromechanical muscle has a low enough current consumption to be powered by Li-ion batteries without recharging during a normal day's activity.
The energisation of the actuator is an important point. While the electromechanical muscle described requires only one electric battery, some of the artificial muscles mentioned in the justification section require specific infrastructure to activate them. For example, chemical actuators require valves and injectors to source the chemical substances, and demand from the user to fill two different power supplies, one electrical and one chemical. The same problem applies to pneumatic actuators, they also require two power supplies. Other actuators such as piezoelectric or magnetostrictive require additional infrastructure such as mechanical amplifiers. Up to the present, it is not possible to introduce an infrastructure for these actuators in the reduced space of clinical upper limb prostheses.
In addition to the special infrastructure required to energise the latest actuators, it is necessary to add more components to the prosthesis if a measure of the position of the actuator is required. The same problem occurs if it is desired to measure the force developed by the actuators. It is not possible to know the force developed by a muscle wire knowing only the current through it; it is not possible to know the force in chemical muscle knowing only the quantity of injected substance or the time an electro valve is opened.
However, since the current drained by an electric motor is linear and proportional to the force developed, the force in the proposed actuator is simply measured by sampling the current drained (Fig. 7) . On the other hand, since a rotational encoder is already coupled to the shaft of the motor the position of the actuator is known without adding any other components to the prosthesis. Furthermore, the resolution in the position of the actuator is as good as 3.125xl0 3 m/(66xl6)=2.96xl0 6 m. To take advantage of this mechanical resolution it is necessary to use preloaded components to prevent backlash imprecisions.
Conclusion
The authors have developed an artificial electromechanical muscle specially designed for driving upper limb prostheses. The actuator is small enough to allocate four of them as in Figure 1 . Based on the characterisation of the actuator and from previous work, kinematical and statical analysis of a parallel prosthesis , it IsPbelieved that actuatOTS~will allow prostheses to life a mass greater than 3kg located in the palm of the hand. At the same time, this kind of actuator will permit construction of clinical prostheses with more active degrees of freedom than currently available.
An important advantage of the electromechanical actuator described here is that Li-ion technology batteries, which require a low current demand, can power it. Other advantages of the electromechanical actuator over alternatives without electric motors are that the position is directly measurable throughout the complete range of work using the encoder already integrated, and since electric motors have a linear response, the force developed by the actuator is known without adding any special force or pressure sensor. It is only necessary to measure the current drained by the motor to identify the force developed by the actuator.
The electromechanical muscle proposed here is a self-contained system that exhibits enough transcendental physical properties of skeletal muscles to drive external powered endoskeletal clinical prostheses. 
